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Abstract 
3GPP Long Term Evolution (LTE) is the upcoming standard for cellular mobile communication. To meet the requirements of 
high data rate and low latency interactive services, Orthogonal Frequency Division Multiplexing (OFDM) in combination with 
MIMO is used. From a bit error rate (BER) performance perspective, maximum likelihood (ML) detection is the preferred 
detection method for multiple input multiple output (MIMO) communication systems. However, for high transmission rates, the 
K-best algorithm provides close-to-ML bit error rate (BER) performance with its iterative tree search, while its circuit 
complexity is reduced compared to an exhaustive search. In this paper, Distributed Arithmetic (DA) using parallel architecture 
based K-best List Sphere Detector (LSD) for a 3GPP LTE receiver is presented. About 50% of the computation time can be 
decreased and increase in speed with the help of this architecture. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The 3rd Generation Partnership Project (3GPP) has recently been drafting the new Long-Term Evolution (LTE) 
Release 10 (also known as LTE-Advanced) to meet the International Mobile Telecommunications Advanced 
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(IMT-A) requirement for the 4th Generation (4 G) wireless network deployment where very high spectrum 
efficiencies are expected. Equipped with multiple antennas at both the transmitter and the receiver sides, the 
enhanced multiple-input multiple-output (MIMO) technology is considered to be the key technique in LTE-A to 
meet the target. MIMO technology is widely recognized as a key enabling technology for future wireless 
communication systems, and it is becoming an essential part in almost every new wireless standard by Lee [1], and 
Paulraj [2]. MIMO systems can be used to improve the transmission quality by sending the same data (spatial 
diversity) or to increase the channel capacity by sending different data (spatial multiplexing). There are several 
methods by Antikainen [3] to separate parallel data streams for spatially multiplexed MIMO systems.  
The maximum-likelihood (ML) algorithm leads to the best error performance, but it requires huge 
computational complexity. On the other hand, linear detection methods such as the zero-forcing (ZF) algorithm or 
minimum mean-square-error algorithm are quite simple, but they show very poor performance. Soft-output MIMO 
detection poses significant challenges to the MIMO receiver design as the computational complexity increases 
exponentially with the number of antennas. However, the optimal soft-decision detector, the maximum a posteriori 
(MAP) detector, will consume enormous computing power and require tremendous computational resources which 
make it infeasible to be used in a practical MIMO receiver. As such, researchers are seeking efficient algorithms to 
reduce the MIMO detection complexity. 
The ordered successive interference cancellation (OSIC) algorithm performs better than linear detection 
methods, but it suffers from the error propagation problem. Recently, there has been a great interest in signal 
detection methods based on tree search algorithms, which achieve near-ML performance but require significantly 
less complexity than the optimal ML method. The tree-search algorithms can be often categorized into the depth-
first search algorithm and the breadth-first search algorithm. The sphere detection algorithm is a depth-first tree-
search algorithm to find the closest lattice point. 
However, the sphere detector suffers from non-deterministic complexity and variable-time throughput. The 
sequential nature of the depth-first tree-search process significantly limits the throughput of the sphere detector 
especially when the SNR is low. The K-Best algorithm is a fixed-complexity algorithm based on the breadth-first 
tree-search algorithm. But this algorithm tends to have a high sorting complexity to find and retain the best 
candidates, which limits the throughput of the detector especially when K is large. There are some other variations 
of the K-Best algorithms by Juho Antikainen [4], and Wong [5] which require less sorting than the regular K-best 
algorithm. Distributed Arithmetic algorithm is an efficient realization of K-Best LSD. It is a bit level rearrangement 
of a multiply accumulate to hide the multiplications by Timmermann [6], and White [7]. It is a powerful technique 
for reducing the sizes of a parallel hardware multiply accumulate that is well suited to FPGA designs. 
2. MIMO Detection 
2.1. MIMO System Model 
A high-level description of the targeted 2-antenna MIMO OFDM receiver is presented in Figure 1. The input 
ports are connected to radio-frequency functions of the receiver. The upcoming 3GPP long term evolution (LTE) 
standard receiver will support data rates up to 100 Mbps by Perttu Salmela [8]. Such a high data rate will be 
achieved in 20MHz bandwidth by using transmission techniques like Orthogonal Frequency Division Multiplexing 
(OFDM), Multiple-Input Multiple-Output (MIMO), that is, the use of multiple antennas, and an efficient forward 
error correction method, the turbo coding by Paulraj [2]. As these techniques are applied, the receiver needs to 
realize very sophisticated algorithms. The 3GPP LTE standard based on the MIMO-OFDM system provides very 
high data throughput rate because the technique of the MIMO can increase the data rate by extending an OFDM 
based system. However, the 3GPP LTE standard also increases the computational and the hardware complexities 
greatly, compared with the current WLAN standards. The K-best is one of the computational complexity modules 
in the physical layer of the LTE standard.  
The source data passes through modulation, spatial time coding, and inverse fast Fourier transform and cyclic 
prefix to transmit antennas in the transmitter. The receiver site includes fast Fourier transform and removed cyclic 
prefix, channel estimation, QRD, spatial multiplex detection, and demodulation to restore the source data.  
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Fig.1. Block diagram of a spatial multiplex MIMO wireless communication system. 
 
The baseband equivalent model can be described in  
                                                                                                             (1) 
At each symbol time, a vector S with each symbol belonging to the quadrature amplitude modulation (q-QAM) 
constellation passes through the channel response matrix H. The received vector y at the receiving antenna for each 
symbol time is a noisy superimposition of the signals contaminated by additive white Gaussian noise (AWGN) 
given by n 
2.2. QRD in ML Detection 
The maximum likelihood (ML) detector is the optimum detection algorithm for the MIMO system. It requires 
finding the signal point s from all transmit vector signal sets that minimize the Euclidean distance with respect to 
the received signal vector y. The transmitted symbol s can be estimated by solving 
  
                                                                                            (2)                
This gives the optimal result. However, solving (2) is intractable with multiple antennas and large 
constellations. Instead of solving (2), the symbol estimation can be simplified by using QR decomposition of H. 
With this practice, the computational complexity is lowered. The detected vector s is computed based on the ML 
algorithm with QR decomposition as shown 
                                                                                         (3) 
Where  
R is in upper triangular form, approximation of s is computationally simpler with the aid of (3). Note that for 
MIMO-OFDM systems operated in stationary environments, the channel matrix remains almost the same. Thus, 
QR decomposition of the channel matrix can be done only once to get matrix R. The simplified approximation is 
based on computing the Euclidean distance in (3) by gradually increasing the dimensions of the symbol vector. 
Basically, there will be partial solutions which are too far away from the received symbols and when such partial 
solutions are discarded, the search space is efficiently limited. The K-best LSD by Paulraj [2], Myllyla [10] applies 
the aforementioned principles by maintaining a K-length list of the best partial solutions found so far. 
2.3. K-Best LSD Algorithm 
The K-Best algorithm has a fixed, implementation dependent computational complexity that depends on the 
number of transmit antennas MT and on the design parameter K, whereby a higher K generally results in a better 
BER performance. However, in practice, K must be chosen as a function of the rate in order to maintain close-to 
ML performance. Hence, complexity also depends on the order of the modulation scheme and tends to grow faster 
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than quadratically in MT. The K-Best detector is a breath first iterative tree-search algorithm. Instead of searching 
the branches of the tree in a depth first manner, like the sphere decoder, the K-Best detector only calculates the 
child-nodes of a fixed number of K nodes in one level before it steps to the next level. 
The K-best algorithm is a breadth-first search based algorithm, which keeps the nodes which have the smallest 
accumulated Euclidean distances at each level. If the PED is larger than the squared sphere radius C0, the 
corresponding node will not be expanded. We assume no sphere constraint or (C0 =infinite), but set the value K for 
instead, as is common with the K best algorithms Meyer Baese [9], Myllyla [10] and Wenk [11]. 
The signal detected at the receiver after QR decomposition is given by, 
                                                             (4) 
The above equation was implemented with algorithm given below. 
1.  
2. K = M-1 
3. Calculate PED(Partial Euclidean Distances)for all admissible symbols at level k 
                                                               (5) 
4. Choose the K best symbol vectors with the smallest PEDs. Save the symbol vectors and the corresponding 
PEDs. If k = 0, the solution is found, stop the algorithm; else, k = k - 1, go to 3. 














In this existing architecture as shown in Fig 2, the sum of product term is given by, 
                                                                                        (6) 
Where s (i) is an n-bit scaled input and r (k, i) represents upper triangular matrix formed by QR decomposition of 






Fig. 2. Architecture for K-Best LSD Algorithm 
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Each multiplies that data by a possibly unique constant, and the resulting products are summed in an adder tree. If 
consider that the scaling accumulator multiplier is really just a sum of vectors, then it becomes obvious that the 
circuit can be rearranged with use of DA algorithm.  
The Sum of Product (SOP) of s and r also takes  MAC cycles with use of the conventional 
arithmetic. These numbers of cycles increase the computational complexity, design area and reduce the speed. This 
appears to be a fundamental problem when this SOP is implemented with use of general purpose multipliers. To 
overcome these problems, the proposed architecture is implemented with use of DA algorithm explained below. 
2.4. Distributed Arithmetic 
Real-time signal processing requires fast computation of inner products. Distributed arithmetic is a method of 
inner product computation that uses table-lookup and addition in place of multiplication. Distributed arithmetic has 
previously been shown to produce novel and seemingly efficient architectures for a variety of signal processing 
computations. A partition of the inner product computation at the word and bit level produces a computation 
consisting of lookups and additions. One of the vector operands is fixed, as in a digital filter; distributed arithmetic 
preprocesses the stored data to reduce the computational complexity of the inner product calculation 
3. Architecture of K-Best LSD Using Parallel DA Algorithm 
Distributed Arithmetic (DA) is an important FPGA technology and an efficient technique for calculation of sum 
of products or vector dot product or inner product or multiplies and accumulates 
technique is bit-serial in nature. DA is basically a bit-level rearrangement of the multiply and accumulate 
operation. DA hides the explicit multiplications by ROM look-ups an efficient technique to implement on Field 
Programmable Gate Arrays (FPGAs).This DA algorithm is used for the proposed architecture of K-best LSD 
which is explained below. In K-best algorithm, the main equation to compute the Euclidian distance is given by, 
                                                    (7) 
In this equation, the sum of product term is given by, 
 
Fig. 3. Existing MAC Architecturein K-Best LSD without Using DA 
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                                                              (8) 
By applying DA algorithm, express s (i) as 
                                                                            (9) 
 
Where n represents the nth bit of the input vector symbol s (i). Sub (i) in equation (8) we obtain 
 




                                                         (10) 
 
 
This is the final equation obtained by applying DA algorithm. 
 
 
Fig. 4. MAC Architecture in K-Best LSD Using DA 
 
Here as in Fig 4, the adder tree combines the 1 bit partial products before they are accumulated by the scaling 
accumulator. The order in which the 1xm partial products are summed is rearranged. Now instead of individually 
accumulating each partial product and then summing the results, the accumulate function is postponed until after 
all the 1xm partials are summed at a particular bit time. This simple rearrangement of the order of the adds has 
effectively replaced 
multiply. This arithmetic manipulation directly eliminates m-1 Adders in an m product term multiply-accumulate 
function. Thus number of scaling accumulators used for this proposed architecture gets reduced. If the channel 
coefficients r (k,i) are known a priori, then the SOP terms r (k,i) and s (i) becomes a multiplication with a constant 
and this is an important pre requisite for DA implementation. 
 
A basic DA architecture, for a length Nth sum-of-product computation, accepts one bit from each of N words. If 
two bits per word are accepted, then the computational speed can be essentially doubled. The maximum speed can 
be achieved with the fully pipelined word-parallel architecture shown in Fig. 5. Here, a new result of a length four 
sum-of-product is computed for 4-bit signed coefficients at each LUT cycle. For maximum speed, we have to 
provide a separate ROM (with identical content) for each bit vector s[n]. 
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Fig. 5. Parallel DA architecture based K-Best LSD 
4. Simulation and Implementation Result 
The VHDL coding for PARALLEL K-BEST LSD for MIMO-OFDM is simulated and downloaded into 
Xilinx xc3s200-4ft256. The simulated results and comparison result were given below. 
4.1. Simulation Result 
 
Fig.6. Simulation Result for K-best LSD using DA 
For the K-
as Euclidean distance. In order to compare the simulation result with manual calculation, Inputs given to this 
algorithm are s = [ 3 4 5 6] ,y= [ 4 2 3 -1 ] and r = [{1 4 5 3 },{0 2 4 7},{0 0 8 1},{0 0 0 9}]. Final output is p = 
[12862 9498 4874 3025]. The time taken to complete the simulation is 120 ns. This result is same as that of result 
obtained from manual calculation of K-best LSD using DA algorithm. 
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Fig.7. Simulation Result for Parallel K-Best LSD using DA 
For the Parallel K-
 given to 
this algorithm are s = [ 3 4 5 6] ,y= [ 4 2 3 -1 ] and r = [{1 4 5 3 },{0 2 4 7},{0 0 8 1},{0 0 0 9}]. Final output is p = 
[12862 9498 4874 3025]. The time taken to complete the simulation is 60 ns. This result is same as that of result 
obtained from manual calculation of K-best LSD using DA algorithm. 
 
Compared to the previous algorithm it takes only 60 ns to compute an output. This algorithm reduces the clock 
latency by 60 ns. 
5. Conclusion and Future Work 
The K-best LSD using parallel architecture of distributed arithmetic (DA) algorithm is simulated with the help 
of Xilinx ISE tools and also compared with the existing K-best LSD using distributed arithmetic. The simulated 
result shows that the clock cycle is reduced by 60 ns. Though it uses the parallel architecture, there is possibility of 
slight increase in hardware. It will be compensated because the proposed work is implemented on FPGA which is 
Clock (ns)
K-Best LSD with DA 120
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an LUT based device. In future, this work will be extended to implement FFT, K-best LSD and turbo decoding of 
3GPP LTE receiver on FPGA. 
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